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Abstract Land surface models (LSMs) are often applied to predict the one-way coupling strength between
surface soil moisture (SM) and latent heat (LH) flux. However, the ability of LSMs to accurately represent such
coupling has not been adequately established. Likewise, the estimation of SM/LH coupling strength using
ground-based observational data is potentially compromised by the impact of independent SM and LH
measurements errors. Here we apply a new statistical technique to acquire estimates of one-way SM/LH
coupling strength which are nonbiased in the presence of random error using a triple collocation approach
based on leveraging the simultaneous availability of independent SM and LH estimates acquired from (1) LSMs,
(2) satellite remote sensing, and (3) ground-based observations. Results suggest that LSMs do not generally
overestimate the strength of one-way surface SM/LH coupling.

1. Introduction

Land surface models (LSMs) play an important role in diagnosing both the strength and downstream impact
of water and energy feedbacks operating within the soil, vegetation, and atmospheric interface along the
Earth's surface [e.g., Van den Hurk et al., 2011; Seneviratne et al., 2013). A critical element of these feedbacks
is the one-way coupling between soil moisture (SM) availability and surface latent heat flux (LH) [Guo et al,,
2006]. Such coupling is commonly quantified via the temporal correlation coefficient between collocated
SM and LH estimates [Dirmeyer et al, 2009). Unfortunately, the ability of LSMs to accurately reproduce
SM/LH one-way coupling strengths has not been adequately verified [Dirmeyer et al., 2006].

The recent maturation of long-term, ground-based SM and LH data sets provides a tool for evaluating the
accuracy of LSM coupling predictions. However, given that ground-based observations of SM and LH are known
to be degraded by significant levels of random error [Robinson et al,, 2008; Richardson et al., 2006], the possibility
remains that one-way SM/LH coupling strengths estimated via comparison of independent ground-based SM
and LH observations are biased low due to random measurement errors, While comparable errors surely exist in
LSM-derived SM and LH predictions, they will tend to be cross correlated and therefore exert less of a degrading
effect on estimated SM/LH coupling strength. Consequently, the question arises whether apparent differences
between LSM-based and ground-based SM/LH coupling strengths reflect systematic errors in LSMs or the
spurious impact of independent random errors in ground-based SM and LH measurements,

Recent progress on the application of triple collocation (TC) sampling strategies to land surface data sets offers
an approach for addressing this question. In particular, TC provides a tool for obtaining correlation estimates
which are unbiased by the presence of random error [Draper et al., 2013; McColl et al, 2014]. Here we apply a
new variant of TC to acquire unbiased estimates of the one-way coupling strength between SM and LH based
on a triplet of SM and LH estimates acquired from ground measurements, remote sensing, and LSMs.

2. Triple Collocation Approach

As noted above, our approach is based on leveraging the simultaneous availability of three SM and three
LH flux estimates acquired from: ground-based (G) measurements, remote sensing (RS) retrievals, and
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land surface model (LSM) predictions. To start, assume that they all can be linearly related to an unknown
truth via
SMg = agS5Mrue + tg + &6
SMgs = apsSMrpe + Hps + €rs
SMism = arsmSMrrue + fi sy + ELsm
LHg = fglHrwe + dg + a6
LHgs = frslHre + ds + aps

LHism = fismLHre + dism + aism

]

where u and J are temporally constant biases, @ and /# are temporally constant gains, and ¢ and ¢ are mean
zero, random variables representing estimation errors in each product. These random errors are assumed to
be adequately described by a temporally constant variance. All “true” variables are assumed to have a spatial
support equal to a common coarse-scale grid on which both RS and LSM predictions are provided. Therefore,
the ground-based error terms ¢ and ag also reflect upscaling errors associated with the use of a local-scale
observation to characterize a (much coarser) grid-scale average.

In addition, we assume both the mutual independence of random errors among all three SM products and all
three LH errors:

Eleig)) =0i#j &)

Elojom) =01=m,
and the orthogonality of all errors with respect to the truth:

E[SMypet] = 0

3
E[LHTrucm] =0. ®

Note that (2) only asserts the mutual independence of SM and/or LH errors and does not address the possibility
of cross correlation between SM and LH errors, For ease of notation, the general index triplets i, j, and k (for SM)
and I, m, n (for LH) will be used to reflect the source of an arbitrary SM or LH product (i.e,, “G,” “RS,” or “LSM").

If assumptions in (1)-(3) hold, and an arbitrary combination of SM product i and LH product / are defined as a
reference, the system of equations in (1) can be cross multiplied, averaged, and solved to express the
temporal variances of SMy,. and LHy,,. as

, Cov[SM;, SM;] Cov[SM;, SM]
' Cov[SM,.SM;]
» Cov[LH;, LHy, )CoV|LH,, LH,]
Cov[LH,,. LH,]

Var[SMroe, = @

(4)

Var|LHye), = £,

where i#j+k and I+ m+n [McColl et al, 2014]. Likewise, for any cross combination of SM and LH products i
and [ where E[g,0)] =0, the covariance of SM; and LH, can be written as

Cov|[SM;, LH)| = a;f;Cov[SMrpe, LHrre), ;- (5)

assuming that ¢ and ¢, are independent of both SMy,e and LHye. Therefore, by combining (4) and (5), it is
possible to solve for the coefficient of determination (R%) between SMy. and LHtue a5

CoV[SMrrye, LHrnel) Cov[SM;, LH,]*Cov[SM;. SMy | Cov[LH,,, LH,]
Var[SMipe| Var[LHreel, — Cov [SM;, SM;] Cov[SM;, SM]Cov[LH;, LH,]Cov([LH;, LH,,]

R? [SMTlue-. LHTrue] i= (6)

Unlike SM/LH coefficients of determination sampled directly from any two SM and LH products in (1), (6) is
unaffected by independent random errors in the products. In addition, partially redundant estimates of
R [SM1ruer LHre] can be obtained from (6) by utilizing different combinations of SM and LH products to serve
as the reference data sets j and /. However, as noted above, certain combinations of SM and LH products
(e.g., SMysy and LHisp) are expected to possess cross-correlated errors and will therefore represent an
unsuitable reference combination.
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Table 1. Attributes of Ground Sites Utilized in the Analysis®

AmeriFlux Site Abbreviation Latitude/Longitude SM Depth (cm) N (Days) T (Days)
Lucky Hills WHS 31.744°/-110.052° 5 277 2
Kendall Grasslands WKG 31.737°/-109.942° 5 494 2
Santa Rita Mesquite SRM 31.821%/-110.866° 25 514 3
Santa Rita Creosote SRC 31.908°/-110.840° 2.5-5 198 3
Tonzi Ranch TON 38.432°/-120.966° 0-2.Sb 523 1
Audubon Grasslands AUD 31.591°/-110.509° 10 286 5
ARM-CART ARM 36.606°/—-97.489"° 10° 413 34
Blodgett Forest BLO 38.895°/-120.633"° 10 186 9
Sand Hills Dry Valley SDH 42.069°/-101.407° 10 262 3
Sand Hills Upland Dune® SUH 42.066°/-101.367° 10 9 3
Duke Open Field DK1 35.971°/—-79.093° 10 304 6
Duke Hardwoods DK2 35.974°/-79.100° 10 327 6
Duke Pine DK3 35.978°/-79.094° 0-30 329 50
Fort Peck FPE 48.308°/-105.102° 10 276 50
Mead Irrigated NE2 41.164°/-96.470° 10 535 28
Mead Rainfed NE3 41.180°/-96.440° 10 554 50
Fermi Agricultural 181 41.859°/-88.223° 25 348 3
Fermi Prairie B2 41.841°/-88.241° 25 EpAl 3

N relates the total number June-July-August days between 2003 and 2011 where daily AmeriFlux LH and SM, ALEXI
LH, Noah LH and SM, and AMSR-E SM are all simultaneously available. T is the time scale parameter required to optimize
th%ﬁt between filtered AMSR-E SM retrievals and ground-based SM measurements (see section 4).

Described as “surface” in AmeriFlux L2 documentation.

“Was 5 cm prior to 04/13/2005.

Not an AmeriFlux site (operated by the University of Nebraska).

3. Data

Our general approach was based on applying (6) to sites where simultaneous ground-based, RS-based, and
LSM-based estimates of both SM and LH can be obtained. All data were resampled to represent daily
averages (0 to 24 UTC) within June/July/August (JJA) for 2002 to 2014. This seasonal period was selected since
it approximates the period of maximum SM/LH coupling. However, only JJA days in which viable SM and LH
estimates are available from all six data sources in (1) were used. All daily RS and LSM estimates were spatially
resampled onto a 0.25° grid prior to matching against ground-based observations. Additional data processing
details are given below.

3.1. Ground-Based Observations of SM and LH

Ground-based SM and LH observations were based on nongap-filled AmeriFlux Standardized Level 2 data
files (http://ameriflux.ornl.gov). Sites were selected based on the availability of long-term, simultaneous SM
and LH data sets and the ability of concurrent LSM and RS predictions to adequately match ground observations
(see section 4). At each AmeriFlux site, half-hourly LH and surface SM observations were aggregated up to a
single daily (0 to 24 UTC) value. No values were calculated for days containing less than 10 half-hourly SM or
36 half-hourly LH observations. Since the depth of “surface” SM observations varied between sites, we used
the shallowest available observation depth at each site (generally between 5 and 10 cm—see Table 1).

For more details on specific AmeriFlux sites utilized here, see Scott [2010], Papuga [2009], Baldocchi et al.
[2010], Krishnan et al. [2012], Fischer et al. [2012], Goldstein et al. [2000], Stoy et al. [2006], Oishi et al. [2010],
Meyers [2009a, 2009b], Billesbach and Arkebauer [2012], Matamala et al. [2008), and Suyker and Verma
[2008]. In addition, a single (non-AmeriFlux) University of Nebraska Bowen Ratio flux tower site in the upland
dunes portion of Nebraska's Sand Hills Ecosystem was also utilized [Billesbach and Arkebauer, 2012]. See
Table 1 for a complete list of all sites.

3.2, LSM Estimates of SM and LH

Three separate LSM-based surface (0-10cm) SM and LH products were obtained by individually averaging
hourly Noah, Mosaic, and Variable Infiltration Capacity (VIC) LSM predictions from the North American
Land Data Assimilation System-2 (NLDAS-2) [Xia et al., 2012a, 2012b] into daily (0 to 24 UTC) values. All
LSM simulations were forced using gauge-based daily precipitation estimates disaggregated into hourly
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